Patients with heart failure who have undergone partial left ventriculotomy improve resting left ventricular systolic function, but have limited functional capacity. We studied systolic and diastolic left ventricular function at rest and during submaximal exercise in patients with previous partial left ventriculotomy and in patients with heart failure who had not been operated, matched for maximal and submaximal exercise capacity. Nine patients with heart failure previously submitted to partial left ventriculotomy were compared with 9 patients with heart failure who had not been operated. All patients performed a cardiopulmonary exercise test with measurement of peak oxygen uptake and anaerobic threshold. Radionuclide left ventriculography was performed to analyze ejection fraction and peak filling rate at rest and during exercise at the intensity corresponding to the anaerobic threshold. Groups presented similar exercise capacity evaluated by peak oxygen uptake and at anaerobic threshold. Maximal heart rate was lower in the partial ventriculotomy group compared to the heart failure group (119 ± 20 vs 149 ± 21 bpm; P < 0.05). Ejection fraction at rest was higher in the partial ventriculotomy group as compared to the heart failure group (41 ± 12 vs 32 ± 9%; P < 0.0125); however, ejection fraction increased from rest to anaerobic threshold only in the heart failure group (partial ventriculotomy = 44 ± 17%; P = nonsignificant vs rest; heart failure = 39 ± 11%; P < 0.0125 vs rest; P < 0.0125 vs change in the partial ventriculotomy group). Peak filling rate was similar at rest and increased similarly in both groups at the anaerobic threshold intensity (partial ventriculotomy = 2.28 ± 0.55 EDV/s; heart failure = 2.52 ± 1.07 EDV/s; P < 0.0125; P > 0.05 vs change in partial ventriculotomy group). The abnormal responses demonstrated here may contribute to the limited exercise capacity of patients with partial left ventriculotomy despite the improvement in resting left ventricular systolic function.
Patients with heart failure who have undergone partial left ventriculotomy improve resting left ventricular systolic function, but have limited functional capacity. We studied systolic and diastolic left ventricular function at rest and during submaximal exercise in patients with previous partial left ventriculotomy and in patients with heart failure who had not been operated, matched for maximal and submaximal exercise capacity. Nine patients with heart failure previously submitted to partial left ventriculotomy were compared with 9 patients with heart failure who had not been operated. All patients performed a cardiopulmonary exercise test with measurement of peak oxygen uptake and anaerobic threshold. Radionuclide left ventriculography was performed to analyze ejection fraction and peak filling rate at rest and during exercise at the intensity corresponding to the anaerobic threshold. Groups presented similar exercise capacity evaluated by peak oxygen uptake and at anaerobic threshold. Maximal heart rate was lower in the partial ventriculotomy group compared to the heart failure group (119 ± 20 vs 149 ± 21 bpm; P < 0.05). Ejection fraction at rest was higher in the partial ventriculotomy group as compared to the heart failure group (41 ± 12 vs 32 ± 9%; P < 0.0125); however, ejection fraction increased from rest to anaerobic threshold only in the heart failure group (partial ventriculotomy = 44 ± 17%; P = nonsignificant vs rest; heart failure = 39 ± 11%; P < 0.0125 vs rest; P < 0.0125 vs change in the partial ventriculotomy group). Peak filling rate was similar at rest and increased similarly in both groups at the anaerobic threshold intensity (partial ventriculotomy = 2.28 ± 0.55 EDV/s; heart failure = 2.52 ± 1.07 EDV/s; P < 0.0125; P > 0.05 vs change in partial ventriculotomy group). The abnormal responses demonstrated here may contribute to the limited exercise capacity of patients with partial left ventriculotomy despite the improvement in resting left ventricular systolic function.
Introduction
Heart transplantation is considered to be the treatment of choice for patients with endstage heart failure secondary to left ventricular systolic dysfunction but, due to the limited availability of donors and certain contraindications, other surgical procedures have been proposed for the treatment of these patients (1) . Partial left ventriculotomy is a surgical procedure that is based on the law of Laplace, by which the circumferential wall stress is directly proportional to intraventricular pressure and radius, and inversely proportional to wall thickness (2) . Accordingly, the surgical excision of part of the free wall of the left ventricle, with reduction of the radius, could improve wall stress with consequent improvement in function. Early reports using this procedure demonstrated benefits in symptoms as well as improvement in resting left ventricular systolic function (2-4). However, other studies indicated elevated in-hospital and long-term mortality rates (5), resulting in a marked reduction in the use of this procedure. However, a subgroup of survivors improves clinically, with enhancement of quality of life, despite the persistence of limited exercise capacity.
Little is known about the mechanisms responsible for the limited exercise capacity despite the improvement in resting left ventricular function in post-left ventriculotomy patients. In normal individuals and in patients with heart failure, indices of left ventricular systolic and diastolic function increase from rest to submaximal exercise (6,7). However, there are no studies in which the response of left ventricular systolic and diastolic function to exercise was evaluated in post-partial left ventriculotomy patients. In order to better understand the mechanisms associated with this limited exercise capacity, we studied the systolic and diastolic left ventricular function at rest and during submaximal exercise in patients with partial left ventriculotomy and in patients with heart failure who had not been operated, matched for maximal and submaximal exercise capacity.
Patients and Methods

Study patients
Patients were recruited from the Heart Institute of the Santa Catarina Cardiomyopathy Outpatient Clinic. Nine patients had been previously submitted to partial left ventriculotomy and were studied 3 to 18 months after surgery, and 9 patients had not been submitted to surgical intervention. Inclusion criteria were stable condition, being in New York Heart Association (NYHA) functional class II or III, for at least one month, and no contraindications for maximal exercise testing. The following were exclusion criteria: presence of arrhythmia or a pacemaker, NYHA functional class IV, significant pulmonary disease, uncorrected valvular heart disease, and exercise-induced myocardial ischemia. The investigation conformed with the principles outlined in the Declaration of Helsinki, the protocol was approved by the Committee for Ethics in Research of the Heart Institute of Santa Catarina, and all patients signed an informed consent form.
Study protocol
All patients were submitted to a maximal cardiopulmonary exercise test to determine the heart rate corresponding to the anaerobic threshold and of the peak oxygen uptake (VO 2 peak). Approximately one week later, resting and exercise radioisotopic ventriculography was performed. The exercise radioisotopic ventriculography was performed at the intensity corresponding to the heart rate at the anaerobic threshold or, if the anaerobic threshold could not be determined due to oscillatory ventilation (8), at 70% of peak heart rate.
Cardiopulmonary exercise testing
Patients were monitored continuously with a CM 5 electrocardiographic lead using an electrocardiograph (Vmax 229; Sensor Medics Corp., Yorba Linda, CA, USA) while performing an increasingly stepped exercise test on an electrically braked cycle ergometer (Vmax 229, Sensor Medics). After 4 min of unloaded cycling, the power output was increased using a continuous ramp protocol at a rate of 10 W/min until the patients could not maintain the pedaling rate of 60 rpm. During the test, patients breathed through a previously calibrated commercial gas exchange analysis system (Vmax 229, Sensor Medics). VO 2 peak was identified as the highest VO 2 maintained for 30 s. The anaerobic threshold was determined by the V-slope method (9) .
Radioisotopic left ventriculography
Left ventricular systolic and diastolic function was evaluated at rest and at the intensity corresponding to the anaerobic threshold in the sitting position, with the chest inclined at about 35 degrees and with the collimator positioned at a left anterior oblique projection. Image acquisition was performed after in vivo red cell labeling with Tc-99m pertechnetate, using a Siemens Orbiter camera with a ZLC-DIGITRAC 75 detector (Siemens, Hoffman Estates, IL, USA). Images were photographed with a Micro Dot Imager (Siemens) and recorded in a Microdelta computer (Siemens). Left ventricular ejection fraction was calculated as left ventricular end-diastolic counts minus left ventricular end-systolic counts, divided by end-diastolic counts, always subtracting periventricular radiation. Peak filling rate was calculated by a series of subtractions of each successive frame in the part of the left ventricular function curve corresponding to the rapid filling period, and identified as the peak rate of filling normalized by the enddiastolic counts (6, 10) .
Statistical analysis
Descriptive data are presented as mean ± SD. Continuous variables were compared by the Student t-test for unpaired samples. Proportions were compared by the Fischer exact test. Differences were considered to be significant when P < 0.05. The response of left ventricular function from rest to anaerobic threshold was evaluated by the Wilcoxon sign rank test. To compensate for multiple comparisons, the Bonferroni correction was applied and a P < 0.0125 level was required. Table 1 demonstrates that the age and anthropometric characteristics of post-left ventriculotomy patients were similar when compared to those of heart failure patients. Etiology of heart failure as well as the use of medication, including beta-blockers, were not significantly different between the two groups. Considering all 18 patients recruited, etiology of heart failure was ischemic in 9 patients, primary cardiomyopathy in 6, corrected valvular heart disease in 2, and alcoholic cardiomyopathy in 1 patient. All patients were taking furosemide, 17 patients were taking angiotensin converting inhibitors or angiotensin receptor antagonists, 11 patients were taking spironolactone, 9 patients were on amiodarone, and 8 patients were taking beta-blockers. The groups had similar echocardiographically determined left ventricular end-diastolic dimension and belonged to the same NYHA functional class (Table 1) .
Results
Clinical characteristics
Cardiopulmonary exercise testing
The groups were well matched for maximal as well as submaximal exercise capacity as determined by VO 2 peak, peak power output, and VO 2 at anaerobic threshold (Table  1 ). Respiratory exchange ratio at peak exercise and at anaerobic threshold was also similar. Resting heart rate and heart rate at anaerobic threshold tended to be higher in the heart failure group. At peak exercise, heart rate was significantly higher in the heart failure group.
Radionuclide left ventriculography
Figure 1 presents individual as well as mean (± SD) values for systolic and diastolic left ventricular function at rest and at the exercise intensity corresponding to the anaerobic threshold. Resting left ventricular ejection fraction was significantly higher for post-left ventriculotomy patients compared to heart failure patients (left ventriculotomy: 41 ± 12% vs heart failure: 32 ± 9%; P < 0.0125). Ejection fraction increased from rest to the anaerobic threshold only in the heart failure group (partial ventriculotomy: 44 ± 17%; P = non-significant vs rest; heart failure: 39 ± 11%; P < 0.0125 vs rest; P < 0.0125 vs change in the partial ventriculotomy group). Resting peak filling rate was similar in the two groups (partial ventriculotomy: 1.41 ± 0.55 EDV/s; heart failure: 1.39 ± 0.55 EDV/s; P > 0.05) and increased significantly to the anaerobic threshold intensity in both groups (partial ventriculotomy: 2.28 ± 0.55 EDV/s; P < 0.0125 vs rest; heart failure: 2.52 ± 1.07 EDV/s; P < 0.0125 vs rest; P > 0.05 vs change in partial ventriculotomy group).
Discussion
In 1997, partial left ventriculotomy emerged as a surgical alternative for endstage heart failure patients who were not candidates for heart transplantation (2). Despite high operative and in-hospital mortality rates, early reports generated optimism in the surgical community (3, 4, 11) , mainly due to improvement of resting left ventricular ejection fraction and functional class, as well as due to reduction in left ventricular volume (3, (12) (13) (14) . Despite the fact that some groups have reported poor long-term results (15) , many survivors of partial-left ventriculotomy improve functional status, but may not normalize functional capacity. To our knowledge, the present report is the first to consider the responses of left ventricular systolic and diastolic function to exercise in post-left ventriculotomy patients.
The group of post-left ventriculotomy Resting heart rate (bpm) 74 ± 17 87 ± 17 Heart rate at anaerobic threshold (bpm) 95 ± 20 112 ± 20 Peak heart rate (bpm) 119 ± 20 149 ± 21* Data are reported as mean ± SD or as number of patients (N = 9 in each group). ACEi = angiotensin converting enzyme inhibitors; ARAII = angiotensin II receptor antagonists; NYHA = New York Heart Association; VO 2 = oxygen uptake. *P < 0.05 compared to the post-left ventriculotomy group (Student t-test for unpaired samples).
patients and the group of patients not previously operated belonged to a similar NYHA functional class and had similar VO 2 peak, peak power output, and VO 2 at anaerobic threshold, indicating that they were well matched for maximal as well as submaximal exercise capacity, which allowed us to investigate possible limiting factors in exercise capacity for these groups. Despite a similar echocardiographically determined left ventricular end-diastolic dimension, postleft ventriculotomy patients had a significantly higher resting left ventricular ejection fraction, which is consistent with some previous observations (12) (13) (14) . Some investigators have also suggested that the improvement in resting left ventricular systolic function is associated with postoperative reduction of wall stress (13) (14) . Although our heart failure group presented lower resting ejection fraction, they were able to improve left ventricular systolic function at the anaerobic threshold. Previous studies on heart failure patients as well as normal subjects reported significant increase in left ventricular ejection fraction at the anaerobic threshold intensity, with the exception of those who had exercise-induced myocardial ischemia (6, 7, 16, 17) . Thus, our heart failure patients presented an appropriate left ventricular systolic function response to exercise, while our post-left ventriculotomy patients did not increase left ventricular ejection fraction at the anaerobic threshold intensity. This abnormal left ventricular response of systolic function may contribute to the limited exercise capacity of post-leftventriculotomy patients.
There are very limited data on the response of left ventricular diastolic function to exercise in heart failure patients, but it is known that normal subjects show a significant increase in left ventricular peak filling rate from rest to the anaerobic threshold intensity (6) . At rest, peak filling rate was similar in our two groups. Likewise, both our post-left ventriculotomy patients and our heart failure patients presented similar in- Figure 1 . Left ventricular ejection fraction (upper panels) and left ventricular peak filling rate (lower panels) at rest and at the anaerobic threshold intensity in post-left ventriculotomy (left panels) and heart failure patients (right panels). Data are reported as individual values and as mean ± SD (to the left and right of each panel). For ejection fraction, the change in the heart failure group was significantly different from the change in the post-left ventriculotomy group (P < 0.0125, Wilcoxon sign rank test). The increase in peak filling rate was similar in the two groups). P < 0.0125 P < 0.0125 creases in peak filling rate from rest to the anaerobic threshold intensity, suggesting that left ventricular diastolic dysfunction is not the main determinant of the limited exercise capacity of post-left ventriculotomy patients.
One possible explanation for the limited response of systolic function to exercise in post-left ventriculotomy patients could be the late inappropriate remodeling of the left ventricle, reducing efficiency in systolic contraction. In the early postoperative period, the reduction in left ventricular volume could reduce wall stress and improve contractility, but late remodeling, to which mitral regurgitation (18) and apoptosis (19) may contribute, could result in a progressive loss of this benefit. In fact, some patients experience improved quality of life immediately after the intervention, but may show deterioration during long-term follow-up.
Colucci et al. (20) demonstrated that the chronotropic response to exercise is strongly associated with maximal exercise capacity evaluated by VO 2 peak in patients with heart failure. Our post-left ventriculotomy patients had more impairment in the chronotropic response to exercise when compared to the heart failure patients. The reduction of maximal heart rate could be another mechanism contributing to the limited functional capacity of post-left ventriculotomy patients. Since chronotropic incompetence is associated with a desensitization of beta-adrenergic receptors in the sinus node (20) , it is possible that partial left ventriculotomy does not improve this abnormality and patients would maintain a limited chronotropic response to exercise, further limiting functional capacity.
Post-left ventriculotomy patients present an abnormal response of left ventricular systolic function to submaximal exercise at the intensity of anaerobic threshold and a limited chronotropic response to maximal exercise. These abnormal responses may partially explain the limited functional capacity of these patients despite the improvement in resting left ventricular systolic function.
